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Abstract: 

Single-jet production with missing transverse momentum is one of the most promising dis- 
covery channels for new physics at the LHC. In the Standard Model, Z + jet production with 
a Z-boson decay into neutrinos leads to this monojet signature. To improve the corresponding 
Standard Model predictions, we present the calculation of the full next-to-leading-order (NLO) 
electroweak corrections and a recalculation of the NLO QCD corrections to monojet production 
at the Tevatron and the LHC. We discuss the phenomenological impact on the total cross sections 
as well as on relevant differential distributions. 
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1 Introduction 



Many models for Beyond Standard Model (BSM) physics predict new particles which are not 
visible for a typical detector in a collider experiment. When such an invisible particle is produced 
and recoils against a QCD jet, the detector will measure a monojet event, i.e. an event which only 
shows a single jet with potentially large transverse momentum and an equal amount of missing 
transverse momentum. For instance, such monojet signatures are predicted in extra-dimension 
models, (see, e.g., Ref. [I]), where single (undetectable) gravitons are produced together with 
hard jets (see Refs. 013] for a next-to-leading-order (NLO) QCD analysis). Moreover, certain 
models including stable unparticles [3], as well as the decay of mini-black-holes, which might 
be produced at the LHC according to large-extra-dimension scenarios (see, e.g., Ref. [5] and 
references therein), may also give rise to single-jet events. Accordingly, it has been investigated 
how to discriminate the different models via their predicted phenomenological signatures at the 
LHC |6j. Recently, first experimental analyses of LHC monojet data have been accomplished [7f8] 
to constrain the ADD model of Large Extra Dimensions [1] and to search for dark matter, finding 
agreement with the Standard Model (SM) predictions. 

In the SM, monojets are produced in Z + jet events if the Z boson is decaying into neutrinos. 
Hence, any BSM search in the monojet channel relies on the precise predictions for this SM 
process. Moreover, monojet events from Z + jet production have a relatively large cross section 
and can be used to study the measurement of missing transverse momentum in general. A 
proper understanding of missing transverse momentum is relevant in an even wider class of 
BSM searches, in particular for searches in models containing a TeV-scale dark-matter candidate. 
As stated in Refs. [9j[T0], for low values of ^t> uncertainties within the SM mostly arise from 
uncertainties in the jet-energy measurement. At high however, the SM background is indeed 
dominated by on-shell Z + jet production with the subsequent decay Z — > v\vi. Of course, there 
are further sources for monojet events in the SM, for instance W + jet production, where the 
charged lepton from the W-boson decay is not reconstructed, which are not considered in this 
work. 

BSM searches will probe monojets with larger and larger transverse momenta with increasing 
centre-of-mass (CM) energy and luminosity at the LHC. Since electroweak (EW) radiative cor- 
rections grow with energy and are known to reach tens of percent at the TeV scale, they become 
more and more relevant and cannot be neglected compared to the usually included corrections 
from strong interaction. For instance, in this paper we show that EW corrections reduce the 
SM monojet cross section by about 15% at a missing transverse momentum of only 500 GeV. 
Based on these motivations, in this work, we investigate in detail Z + jet production including 
the Z-boson decay into neutrinos, i.e. 

PP/PP -> Z + jet + X vivi +jet + X. (1.1) 

In particular, we provide the EW and QCD corrections at NLO not relying on any on-shell 
approximation for the intermediate Z boson. 

From the QCD point of view, the description of Z + jet production with leptonically decaying 
Z bosons hardly depends on the specific final-state leptons in any order in perturbation theory, 
since the leptonic decay products are insensitive to strong contributions. For on-shell Z bosons, 
which appear, e.g., in the treatment via the narrow-Z- width approximation, this means that 
the relative QCD corrections are indeed identical for Z(— > l~l + jv\vi) + jet. Including Z-boson 
off-shell effects, however, leads to differences between the two leptonic final states because of the 
different spin correlations due to the different chiral couplings of I and v\ and, more importantly 
the existence of 7* exchange for charged leptons. The NLO corrections to Z + jet production 
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are known for a long time |HH13j and were matched with parton showers [13] • A resummation 
of large logarithms at the next-to-leading-logarithmic level was performed in Ref. [15] for vector- 
boson production at large transverse momentum. 

Considering EW corrections, the situation is more involved, because of non-factorizable cor- 
rections due to interactions of initial-state partons and final-state leptons. In a first step, the 
purely weak one-loop corrections to Z+jet production in the SM were investigated in the on-shell 
approximation |16pi7j . i.e. with a stable external Z boson, and photonic corrections were ignored. 
For Z bosons at large transverse momentum, requiring a large CM energy, using on-shell Z bosons 
is a good approximation since the EW corrections are dominated by large universal Sudakov log- 
arithms [18] . In Ref. [16] the leading corrections up to the next-to- leading logarithms at the one- 
and two- loop level were calculated. Later the full NLO weak corrections were added |17| . Al- 
though all off-shell effects are neglected, one would still expect the $t distribution in the monojet 
scenario to be described well by the on-shell computation, at least at high energies. However, 
aiming at a precision at the percent level, photonic corrections have to be taken into account, as 
well as off-shell effects due to the decay of the virtual boson. These issues are resolved in this 
work for monojet production at the LHC and the Tevatron. 

There are other uncertainties at the level of several percent affecting the cross section for 
monojet production that are not addressed in this work. These result, in particular, from missing 
higher-order QCD corrections, from the modelling of parton showers and fragmentation, from 
parton distribution functions (PDFs), and from the limited knowledge of the jet energy scale and 
resolution. Estimates on these uncertainties can be found in experimental publications on Z+jet 
production [19,20], in theory papers [21j . and in discussions of PDF uncertainties |22j . These 
uncertainties will be further reduced by improved theoretical predictions and future experimental 
analyses. In the search for new physics in monojet production, the SM background cross section 
is typically estimated from experimental data for l + l~ + jet events. In the analysis of Ref. [7], 
based on an integrated luminosity of 33 pb _1 , the systematic uncertainties on the SM monojet 
event rates are at the level of 10% and result dominantly from limited statistics in the control 
region. With improved statistics the EW corrections may become even more important, in 
particular since many uncertainties cancel in the cross-section ratio of l + l~ + jet and viv\ + jet 
production. 

Besides the new evaluation of the complete EW corrections for the off-shell case we have 
also recalculated the well-known NLO QCD corrections, supporting a phase-space dependent 
renormalization and factorization scale. Our results are implemented in a flexible Monte Carlo 
code that allows for the computation of total cross sections as well as differential distributions. 
Our implementation is completely generic in the sense that there are no restrictions for the event- 
selection criteria to be applied. All off-shell effects are included, and the finite Z-boson width is 
consistently taken care of using the complex-mass scheme [23]. Since the computation for the 
ViVi+jet final state is closely related to the final state with two charged leptons, the presentation in 
this paper follows Ref. [24], where the calculation of the EW corrections to l~l + + jet production 
at hadron colliders was presented. 

This paper is organized as follows. In Section O we briefly describe our calculation and 
discuss the relevant theoretical concepts. In Section [31 we specify the numerical input as well as 
the details of our event selection. Numerical results are given for monojet production both at 
the LHC and at the Tevatron. We present inclusive cross sections for specified sets of cuts and 
distributions for the jet transverse momentum and rapidity, as well as the missing transverse 
momentum, and discuss the impact of the EW contributions. Section H] discusses a proper 
combination of the EW corrections with existing higher-order QCD predictions. We conclude 
in Section [5j 
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Figure 1: Feynman diagrams for the LO process (|2.ip . 



2 Details of the calculation 

This calculation closely follows the one for charged dilepton + jet production presented 
in Ref. [23]. Here we only briefly summarize the essential ingredients of our calculation and 
point to the differences with respect to Ref. [23]. More details can be found in Section 2 of that 
paper. 

2.1 General setup 

In the SM, at leading order (LO) in perturbation theory the transverse momentum of a single 
isolated jet is balanced by a Z boson, which decays into two undetected neutrinos. At hadron 
colliders, the partonic channels 

qt qi -> Zg -)• i/ji/jg, (2.1) 
qi g ->■ Zqi -)■ vi&i qi , (2.2) 
qi g -)■ Z<ji -)■ % (2.3) 

have to be taken into account, where qi denotes any light quark, i.e. qi = u, d, c, s, b. Note that we 
always imply the summation over neutrino flavours in the final state, leading to a trivial factor 
of three for all cross sections compared to the cross sections for a single neutrino flavour. The 
tree-level Feynman diagrams for process (12. ip are shown in Figure [TJ The intermediate Z-boson 
resonance is treated in a gauge-invariant way using the complex-mass scheme [23] , Since we 
consider Z + jet production with a subsequent Z-boson decay into neutrinos at NLO accuracy 
with respect to EW corrections, i.e. at the order 0(a 3 a s ), we also include the photon-induced 
processes, 

qi 7 ->■ Z qi ->■ v x vi % , (2.4) 
q\ 7 ->■ Z ^ ->■ vfii % , (2.5) 

which contribute at the order C(a 3 ) and may thus be relevant at the level of a few percent. 
The tree- level Feynman diagrams for process (|2.4p can be found in Figure [21 We use the 
MRSTQED2004 set |25] of PDFs to estimate the photon content of the proton but employ 
modern PDF sets for all partonic channels without initial-state photons. 

The Feynman diagrams and amplitudes are generated with the FeynArts package [26] and 
further processed with Pole [27] and FormCalc [28] . or alternatively with independent in- 
house Mathematica routines. Hence, all parts of the calculation are again performed in two 
independent ways with different tools. 
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Figure 2: Feynman diagrams for the photon-induced process (|2,4p . 



2.2 Virtual corrections 

Virtual one- loop QCD and EW corrections are calculated for the partonic processes f|2. ip — fj2.3p . 
We neglect the NLO QCD corrections to the photon-induced processes (12.4p and (12. 5p . which are 
expected to be as tiny as for W + jet production [29]. We also do not include the (loop- induced) 
contributions of the partonic process gg —> vivig which can be estimated to be below one percent 
based on Ref. [13]. 

While the virtual QCD corrections consist of up to box (4-point) diagrams only, the more com- 
plicated NLO EW corrections, shown in Figure O involve also pentagon (5-point) diagrams (see 
Figure [4]). As in our earlier work on l + l~ +jet production, we follow the traditional Feynman-dia- 
grammatic approach and evaluate tensor and scalar one-loop integrals (up to pentagon diagrams 
for the EW corrections) with complex masses using the methods and results of Refs. |30| and [31] . 
respectively. 

The partonic processes with (anti-)bottom quarks in the initial state involve massive top 
quarks in EW loop diagrams. These affect the total EW correction by about a permille for the 
most inclusive cross section discussed in Section [3] at the 14 TeV LHC and by even less at lower 
hadronic CM energy or at the Tevatron. For less inclusive cross sections when the EW Sudakov 
logarithms dominate at high partonic CM energy, the top mass does not play a role. 

2.3 Real corrections 

Compared to the final state discussed in Ref. [24J, the EW corrections are substantially sim- 
pler, since final-state photon radiation off leptons is absent in the monojet production scenario. 
The emission of an additional photon in the partonic processes (|2.ip ~ (|2.3p leads to the processes 



For the process (|2.T|) the relevant Feynman diagrams are listed in Figure [5j The corresponding 
amplitudes may be obtained from the amplitudes for the l + l~ + jet + 7 final state by switching 
off the virtual photon as well as the final-state radiation off the leptons. In addition one has to 
replace the ZZ~7 + coupling by the TjViv\ coupling. 

In order to treat the soft and collinear singularities in an efficient way we use the dipole 
subtraction formalism as specified for photon emission in Refs. [32[I33|. 

As in all processes with jets in the final state, the inclusion of EW corrections to monojet 
production asks for a precise event definition in order to distinguish single-jet from single-photon 
production. We follow the strategy used for i>il + + jet and l~l + + jet production which is detailed 
in Refs. [24,29,34j: We exclude jets which primarily consist of a hard photon (see Section [3]) 



Qi g -> Willi- 



qi g -> nn<ui , 



(2.6) 
(2.7) 
(2.8) 
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Self-energy insertions: 




Box and pentagon insertions: 




Figure 3: Contributions of different one-particle irreducible vertex functions (indicated 
as blobs) to the LO process f)2.2[) ; there are contributions from self-energies, triangles, 
boxes, and pentagon graphs. 




Figure 4: Virtual pentagon contributions to the process (|2.2I) , Note that for external 
bottom quarks the exchange of two W bosons leads to diagrams with massive top-quark 
lines (</ = top) in the loop. 
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Figure 5: Real photonic bremsstrahlung corrections to the LO process (|2.2|) , 



and capture the non-perturbative physics in the collinear quark-photon splittings [35J by means 
of the measured fragmentation function |36j. The error on our predictions associated to the 
uncertainties in the fragmentation function are negligible. 

The calculation of the QCD corrections to single-jet production is completely analogous 
to dilepton + jet production and has been discussed in Section 2.3 of Ref. [24] • It contains a 
plethora of partonic channels (see Eqs. (2.11)-(2.21) in Ref. |24|), in particular involving six- 
fermion processes with a rich flavour structure of the involved (anti-) quarks. For six-fermion 
processes with identical quarks, again, we do not consider interference contributions between 
purely electroweak diagrams and gluon-exchange diagrams which enter at order C(a 3 a s ). These 
contributions are colour-suppressed and do not exhibit any further enhancement. Thus, they 
only lead to tiny corrections, as has been demonstrated in Ref. |29j . 



3 Numerical results 

3.1 Input parameters and setup 

The relevant SM input parameters are 

1.16637 x 10- 5 GeV~ 2 , 
80.398 GeV, 
91.1876 GeV, 
M H = 120 GeV, 



M z os 



a s (M z 
-pOS 

1 w 



m t 



0.1202, 
2.141 GeV, 
2.4952 GeV, 
172.6 GeV , 



(3.1) 



which essentially follow Ref. [37]. To facilitate comparisons, we stick to the input parameters 
used in Refs. [MIES] for the analysis of + jet and l + l~ + jet production, respectively. The 
numerical results presented in this paper will only change marginally using up-to-date values of 
M\v, Mh, and mt- The CKM matrix only appears in loops and is set to unity, because its effect 
is negligible. 
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As in our earlier work on V +jet production, using the complex-mass scheme [23], we convert 
the "on-shell" (OS) values of M$ s and T$ s (V = W, Z) into the "pole values" [38] and use the 
corresponding numerical values 

M w = 80.370 . . . GeV, T w = 2.1402 . . . GeV, 

M z = 91.153... GeV, T z = 2.4943 ... GeV (3.2) 

in the numerics. However, using My S instead would be hardly visible in the results. We again 
adopt the scheme so that the results are practically independent of the light fermion masses. 

We use the central MSTW2008NLO PDF set [39] and the a s running from the LHAPDF 
collaboration [40j (implying a s (Mz) given in (|3.ip ). Only the photon-induced processes are 
evaluated with the MRSTQED2004 set of PDFs [25] (implying a s (M z ) = 0.1190). 

Numerical results are presented for the identified QCD and QED factorization scales and the 
QCD renormalization scale \x = M% or the phase-space-dependent scale 

/i Var = s/mI + (^ad)2 ^ (3 3) 

where p T ad is given by the pr of the summed four- momenta of all partons (quarks and/or gluons) 
in the final state, which is more adequate for high-px jets (see discussion in Ref. [23] or Ref. |41|). 

3.2 Phase-space cuts and event selection 

We define the monojet signature by the recombination procedure for quarks, gluons, and photons 
into jets and the basic cuts discussed in the following subsections. 

3.2.1 Recombination 

To define the recombination procedure and the separation cuts, we use the variables Rij = 
\J {m ~ Vj) 2 + 4>iji where yi denotes the rapidity yi = |ln[(£' + pi J )/(E — pi,)] of particle % and 
4>ij is the azimuthal angle in the transverse plane between the particles i and j. In the definition 
of the rapidity, E denotes the particle's energy and pl its three-momentum along the beam axis. 
The recombination procedure, where we simply add four-momenta to form a pseudo-particle, 
works as follows: 

1. A photon and a parton a (quark or gluon) are recombined for R^ a < 0.5. The energy 
fraction of the photon inside the jet z 7 = E 1 /(E 1 + E a ) is used to distinguish between 
single-jet and single-photon production (using quark-to-photon fragmentation functions to 
describe the non-perturbative collinear splitting). For z 7 > 0.7 the event is rejected. Our 
results are not very sensitive to the specific choice of the cut on z™. 

2. Two partons a, b are recombined for R a b < 0.5. For our simple final-state configurations, 
this procedure is equivalent to the Tevatron Run II algorithm [32], the anti-fcx algo- 
rithm |43j . and similar algorithms for jet reconstruction with resolution parameter D = 0.5. 

3.2.2 Basic cuts 

After applying the recombination procedure of the previous section we define monojet events by 
the following basic cuts: 
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1. A partonic object (after a possible recombination) is called a jet if its transverse momentum 
Pt is larger than p^pjet = 25GeV. Events are required to include at least one jet. 

2. We demand a missing transverse momentum (i.e. the transverse momentum of the neutrino 
pair) jfa > 25 GeV. Of course, at LO this requirement is automatically fulfilled, since the 
virtual Z and the jet are always back-to-back. 

3. The events have to be central, i.e. the jet has to be produced in the rapidity range \y\ < 

2/max — 2.5. 

4. To suppress background from a mis-measurement of the transverse momentum of one of 
the jets in events with two hard back-to-back jets, which also lead to a signature with 
missing momentum, we require a separation of a jet and the missing momentum jfc in the 
transverse plane. As proposed in Ref. [7J, we discard events with 0jz < 0.5, where (fijz is 
the angle between pr,jet and jf^. A similar separation cut could be applied for the photon 
and However, we have checked that such a separation only insignificantly changes the 
numerical results. 

Additionally, we present results obtained by applying an explicit veto against a second hard 
jet with pt > PT,ji/2, where PT,ji denotes the of the "leading" jet, i.e. the one with maximal 
px- This two-jet veto reduces the relative QCD corrections and moreover enforces the kinematic 
structure of monojet events, i.e. the transverse momentum of the hard jet is to be (mainly) 
balanced by missing transverse momentum and not by a second hard jet (see discussion below). 

3.3 Results on cross sections and distributions 

Numerical results are presented for the production of a neutrino pair in association with a jet 
at the Tevatron (pp collisions with a CM energy of ^fs = 1.96 TeV) and at the LHC. For the 
latter, we show results for pp collisions at -y/s = 8 TeV, corresponding to the available energy in 
the year 2012, as well as yfs = 14 TeV, the design energy of the LHC. 

3.3.1 Overview of cross-section predictions 

We present the LO cross section uq and corrections 8, defined relative to the LO cross section 
by a = o"o x (1 + 8). The EW corrections are labelled S^^' Iz or indicating a fixed scale 
choice or the phase-space dependent scale choice as specified in (|3.3[) . respectively. For the EW 
corrections the difference is small, as expected, while for the QCD part a sensible scale choice is 
crucial as discussed below. 

As already observed in W + jet and l~l + + jet production in Refs. [24, 29| and shown for 
v\V\ + jet below, the QCD corrections become larger and larger with increasing px of the leading 
jet due to dijet kinematics where one of the quark lines radiates a relatively soft Z boson. The 
cut on 0jz, discussed in Section 13.2.21 partly removes these configurations. However, a usual 
cut value like </>jz < 0.5 is too small to avoid the problem. This part of the cross section does 
not really correspond to a true NLO correction to single-jet production. It even contradicts the 
intuitive understanding how a monojet event looks like. Fortunately, it can be easily separated 
employing the veto introduced at the end of Section [3.2.21 This particular jet veto yields a 
sensible definition of monojet events since it is equivalent to raising the required amount of 
missing transverse momentum along with the transverse momentum of the observed leading jet. 
NLO QCD corrections with a jet veto (#Qcrweto> ^QCD.vcto) an d without a jet veto (Sq^ z , #qcd) 
are presented below to demonstrate the importance of the jet veto. 
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pp — > v\vi jet + X at y/s = 14 TeV 



PTjet/ GeV 


25 -oo 


50-oo 


100 -oo 


200 - oo 


500 -oo 


1000 - oo 


<= MZ /pb 


1627.25(3) 


582.66(3) 


125.669(5) 


15.0488(5) 


0.40302(1) 


0.0121944(2) 




1608.99(2) 


566.52(2) 


116.092(4) 


12.2928(4) 


0.243365(6) 


0.00523456(9) 


^w Mz /% 


0.0 


-0.4 


-2.1 


-6.5 


-16.7 


-27.6(1) 


<w% 


0.0 


-0.4 


-2.0 


-6.2 


-16.1 


-26.6(1) 


<5qcd7% 


8.5 


38.5(1) 


51.8(1) 


76.2(1) 


126.4(1) 


179.3(1) 




8.4 


39.7(1) 


57.8(1) 


97.2(1) 


210.5(1) 


397.3(1) 


^QCD,veto/% 


-8.8 


6.9(1) 


7.1(1) 


-0.2(1) 


-31.4(1) 


-68.9(1) 


^QCD,veto/% 


-8.0 


9.6(1) 


14.9(1) 


20.2(1) 


21.0(1) 


23.4(1) 




0.0 


0.1 


0.1 


0.1 


0.1 


0.2 




0.0 


0.1 


0.1 


0.1 


0.2 


0.5 


<ll,vcto/pb 


1480.7(2) 


619.2(3) 


131.23(5) 


14.029(6) 


0.2557(1) 


0.005090(3) 



Table 1: Integrated cross sections for different cuts on the pt of the leading jet (jet 
with highest pr) at the LHC with y/s = 14 TeV. We show the LO results both for a 
variable and for a constant scale along with the corresponding EW corrections #ew> the 
QCD corrections 5qcd with or without employing a veto on a second hard jet, and the 
corrections due to photon- induced processes <L. Finally, we show the full NLO cross section 
°fuii veto f° r w hich all the corrections are added to the LO results for a variable scale. The 
error from the Monte Carlo integration for the last digit (s) is given in parenthesis as far 
as significant. 

The impact <5 7 of the photon-induced tree-level processes (12.4(1 and (12. 5h is shown relative to 
the LO cross section at 0(a 2 a s ) without initial-state photons. 

In Tables [THUwe summarize our results for LO integrated cross sections and the corresponding 
relative corrections for different cuts on the transverse momentum of the leading jet and the 
missing transverse momentum. All other cuts and the corresponding event selection follow 
our default choice as introduced in Section 13.21 In Figures EHS we present the corresponding 
results for differential distributions. Both, in the tables and the figures we also show the NLO 
cross section cr^ r lveto including the EW corrections, the photon-induced processes, and the QCD 
corrections with the jet veto for the variable scale choice. All results are discussed in detail in 
the following subsections. 

3.3.2 Transverse momentum and rapidity of the leading jet 

Tables [THSl show the predictions for different cuts on the transverse momentum of the leading jet, 
prjetj at the LHC and the Tevatron. The corresponding differential cross sections are displayed 
in Figure [6] for the LHC with y/s = 14 TeV and the Tevatron. The qualitative features of the 
EW corrections are similar to the results obtained earlier for l + l~ + jet production. 
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pp ->■ vm jet + X at -y/i = 8 TeV 



PTjet/ GeV 


25 - oo 


50-oo 


100 -oo 


200 - oo 


500 - oo 


1000 - oo 


^ =MZ /Pb 


782.38(1) 
768.26(1) 


263.82(1) 
252.79(1) 


50.954(2) 
45.631(2) 


4.9461(2) 
3.8100(1) 


0.075842(2) 
0.0409508(8) 


0.00086825(2) 
0.0003054(3) 


<$EW M 7% 


0.1 
0.1 


-0.3 
-0.3 


-2.0 
-1.8 


-6.2 
-5.9 


-16.1 
-15.5 


-26.9(1) 
-25.8(1) 


^qcd/% 


8.2 
8.8 


33.6(1) 
36.6(1) 


41.5(1) 
51.5(1) 


58.0(1) 
87.6(1) 


97.2(1) 
203.7(1) 


151.7(1) 
444.7(1) 


^QCD,veto/% 
^QCD,veto/% 


-7.0 
-5.6 


5.4(1) 
9.5(1) 


2.0(1) 
13.1(1) 


-8.7(1) 
17.5(1) 


-39.2(1) 
24.8(1) 


-78.1(1) 
35.5(1) 




0.1 


0.1 


0.1 


0.1 


0.2 


0.4 




0.1 


0.1 


0.1 


0.2 


0.4 


1.0 


""Mljveto/ Pb 


726.04(7) 


276.4(1) 


50.82(2) 


4.260(2) 


0.04491(3) 


0.0003381(3) 



Table 2: Integrated cross sections for different cuts on the pt of the leading jet at the 
LHC with ^/s = 8 TeV. See also caption of Table [TJ 



pp — > vivi jet + X at -y/i = 1.96 TeV 



PTjet/ GeV 


25 - oo 


50-oo 


75 — oo 


100 -oo 


200 - oo 


300 -oo 


< =MZ /pb 

crr/pb 


96.613(2) 
93.800(2) 


24.721(1) 
23.027(1) 


8.1060(4) 
7.1807(3) 


3.0539(1) 
2.5642(1) 


0.131732(5) 
0.090028(4) 


0.0095024(6) 
0.0054067(4) 


^w Mz /% 


0.2 


0.0 


-0.6 


-1.3 


-4.5 


-7.4 




0.2 


0.0 


-0.5 


-1.2 


-4.0 


-6.6 


CcD Z /% 

<w% 


9.9 
11.8 


19.2(1) 
25.1(1) 


12.9(1) 
24.0(1) 


7.0(1) 
23.9(1) 


-16.1(1) 
24.7(1) 


-38.6(1) 
24.9(1) 


^QCD,veto/% 
^QCD,veto/% 


2.0 
4.3 


4.1(1) 
10.6(1) 


-2.6(1) 
8.8(1) 


-9.6(1) 
7.6(1) 


-34.4(1) 
3.9(1) 


-56.5(3) 
2.1(1) 




0.1 


0.1 


0.1 


0.1 


0.1 


0.1 


<E*7% 


0.1 


0.1 


0.1 


0.1 


0.2 


0.2 


<i r i,vcto/pb 


98.074(9) 


25.49(1) 


7.781(7) 


2.732(1) 


0.0901(1) 


0.005175(5) 



Table 3: Integrated cross sections for different cuts on the px of the leading jet at the 
Tevatron. See also caption of Table [TJ 
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pp — > v\vi jet + X at y/s = 14 TeV 





25 - oo 


50-oo 


100 -oo 


200 - oo 


500 -oo 


1000 - oo 


^ =MZ /Pb 
< r /pb 


1627.25(3) 
1608.99(2) 


582.66(3) 
566.52(2) 


125.669(5) 
116.092(4) 


15.0488(5) 
12.2928(4) 


0.40302(1) 
0.243365(6) 


0.0121944(2) 
0.00523456(9) 


SWw/% 


0.0 
0.0 


-0.3 
-0.2 


-2.0 
-1.8 


-6.3 
-5.9 


-16.5 
-15.8 


-27.4(1) 
-26.2(1) 


*qcd7% 


8.5 
8.4 


48.1(1) 
48.4(1) 


48.3(1) 
51.1(1) 


35.5(1) 
47.6(1) 


-2.6(1) 
40.4 


-44.2(1) 
38.5 


°QCD,veto/ /0 
^QCD,veto/% 


-8.8 
-8.0 


18.8(1) 
20.9(1) 


16.5(1) 
22.6(1) 


5.6(1) 
22.8(1) 


-27.9(1) 
21.6(1) 


-64.4(1) 
24.3 




0.0 


0.1 


0.1 


0.1 


0.1 


0.2 


8™*/% 


0.0 


0.1 


0.1 


0.1 


0.2 


0.5 


<ll,vcto/pb 


1480.7(2) 


683.9(2) 


140.37(4) 


14.388(4) 


0.2581(1) 


0.005161(3) 



Table 4: Integrated cross sections for different cuts on the missing at the LHC with 
\fs = 14 TeV. See also caption of Table CD 



pp — > U[Vi jet + X at \fs = 8 TeV 



^t/ GeV 


25 -oo 


50-oo 


100 - oo 


200 - oo 


500 - oo 


1000 - oo 


< =M 7pb 


782.38(1) 


263.82(1) 


50.954(2) 


4.9461(2) 


0.075842(2) 


0.00086825(2) 


ar/pb 


768.26(1) 


252.79(1) 


45.631(2) 


3.8100(1) 


0.0409508(8) 


0.0003054(3) 




0.1 


-0.2 


-1.8 


-6.0 


-15.8 


-26.6(1) 


<w% 


0.1 


-0.1 


-1.6 


-5.6 


-15.1 


-25.2(1) 




8.2 


43.7(1) 


39.9(1) 


25.3(1) 


-12.4(1) 


-57.2(1) 




8.8 


45.8(1) 


46.7(1) 


44.8(1) 


43.4 


47.1 


e/i=A/z 10/ 

°QCD,veto/ /0 


-7.0 


16.9(1) 


10.8(1) 


-1.4(1) 


-33.5(1) 


-72.7(1) 


^QCD,vcto/ < ^ ) 


-5.6 


20.5(1) 


20.5(1) 


22.4(1) 


27.3 


35.8(1) 




0.1 


0.1 


0.1 


0.1 


0.2 


0.4 


<5™7% 


0.1 


0.1 


0.1 


0.2 


0.4 


1.0 


<ll,veto/pb 


726.04(7) 


304.53(9) 


54.29(1) 


4.457(1) 


0.04611(1) 


0.0003407(2) 



Table 5: Integrated cross sections for different cuts on the missing at the LHC with 
\/s = 8 TeV. See also caption of Table [TJ 
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pp -> vin jet + X at ^/s = 1.96 TeV 



#r/GeV 


25 -oo 


50-oo 


75 — oo 


100 -oo 


200 - oo 


300 -oo 


< =Mz /pb 


96.613(2) 


24.721(1) 


8.1060(4) 


3.0539(1) 


0.131732(5) 


0.0095024(6) 


< r /pb 


93.800(2) 


23.027(1) 


7.1807(3) 


2.5642(1) 


0.090028(4) 


0.0054067(4) 


^w /z /% 


0.2 


0.2 


-0.4 


-1.1 


-4.2 


-7.0 




0.2 


0.2 


-0.2 


-0.8 


-3.5 


-6.0 




9.9 


38.1 


31.5 


25.2 


2.1 


-16.9 




11.8 


43.6 


41.3 


39.6 


35.6 


34.8 


^QCD,veto/% 


2.0 


20.0 


10.7 


5.9 


-12.5 


-28.3 


^QCD,vcto/% 


4.3 


26.4 


21.7 


21.8 


23.1 


25.5 




0.1 


0.1 


0.1 


0.1 


0.1 


0.1 




0.1 


0.1 


0.1 


0.1 


0.2 


0.2 


<i r i,vcto/pb 


98.074(9) 


29.178(4) 


8.729(2) 


3.1058(5) 


0.10782(2) 


0.006474(1) 



Table 6: Integrated cross sections for different cuts on the missing at the Tevatron 
with y/s = 1.96 TeV. See also caption of Table HJ 



At high CM energies the generic well-known (negative) Sudakov logarithms of the form 
ln 2 (s/Mj) in the virtual EW corrections lead to large corrections, e.g. —25% for prjet ~ ITeV. 
If the integrated cross section is not dominated by events with high CM energy (left columns in 
the tables) the EW corrections for monojet production are negligibly small, at the permille level. 
As expected, the relative EW corrections are neither particularly sensitive to the scale choice nor 
to the CM energy of the LHC. Also at the Tevatron, the qualitative features of the corrections 
are very similar. The onset of the Sudakov dominance is visible as can be seen in Tableland 
Figure [6l However, owing to the limited kinematic reach of the Tevatron the effects are not very 
pronounced. 

The dominating Sudakov logarithms lead to corrections to the underlying process of Z + jet 
production and do not depend on the specific decay channel. Hence, the similarity of the large 
EW corrections presented here with the EW corrections to / + /~ + jet production presented in 
Ref. |24| is not surprising. At large PTjet the corrections differ only at the level of 1%. Given 
this fact, also the agreement with earlier on-shell calculations Refs. [16|ll7j within 1—2% observed 
before still holds (see Figure 5 in Ref. [T7]). In other words, it is well justified to use the Sudakov 
approximation to reliably predict the transverse-momentum distribution of this very observable. 
The residual differences at the 1% level, which might be of interest for a precision determination 
of cross-section ratios for different Z-boson decay modes, are discussed in detail in Section [3.3.41 

The contribution 5 7 from the photon-induced processes are tiny and do not reach the percent 
level even for large cut values. This indeed justifies to safely neglect the NLO QCD corrections 
to the photon-induced channels. 

Turning to the NLO QCD results at the LHC at 14 TeV, we observe results similar to 
+ jet production presented in Ref. |24| . From the QCD point of view, the corrections to 
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l + l~ + jet production and V[Vi + jet production are almost equivalent. However, the acceptance 
and isolation cuts necessarily differ and can lead to quantitatively different corrections while the 
qualitative picture is similar. The corrections turn out to be accidentally small (~ 10%) for our 
default cuts in the monojet case. As discussed above, the cross section for large cut values of 
PTjet contains large contributions from two-jet events with relatively little missing transverse 
momentum, i.e. events having little in common with typical monojet events but resulting in huge 
positive corrections. The correction 5q^ z is smaller than (Jqcrj; because it is defined relative 
to a larger LO cross section. In absolute size, however, the two NLO corrections are similar. 
Using the jet veto proposed at the end of Section [3.2.21 the corrections are reduced, and <5qq D 
only rises to the 20% level for large cut values at the 14 TeV LHC. As expected, at large PTjet, 
the overestimated LO cross section with a fixed scale receives large negative corrections and the 
discrepancy of the LO results for the two scale choices is largely removed by including the NLO 
corrections. 

At CM energy yfs = 8 TeV (see Table [2]) and at the Tevatron (see Table [3J, the same qualita- 
tive results are found. Using the variable scale, increasingly negative corrections with increasing 
prjet can be avoided, in particular when employing a jet veto, and stable results are obtained. 
At the Tevatron, the jet veto is not as important because of its kinematical limitations. 

Concerning the rapidity of the leading jet y- ]C t displayed in Figure the EW corrections both 
at the LHC and the Tevatron are flat and extremely small in size, resembling the corrections 
to the total cross sections. At the LHC, the QCD corrections are positive (about 8%) and give 
rise to nearly constant iT-factors in the whole rapidity range. Introducing a dedicated two-jet 
veto, as detailed above, shifts the relative corrections to the level of —10%. At the Tevatron, the 
effect of the jet veto turns out to be smaller than at the LHC, whereas the scale dependence is 
somewhat larger. 

3.3.3 Missing transverse momentum 

The missing transverse momentum, i.e. the transverse momentum of the Z boson, equals the 
leading-jet px at LO, while at NLO the two observables become different if an additional brems- 
strahlung particle is present. The relative EW corrections for different cut values of in Ta- 
bles 0H6] as well as the relative corrections to the differential distributions presented in Figure [8] 
are completely dominated by virtual contributions and, hence, hardly differ from the correspond- 
ing values in Tables [THS] and Figure [6j respectively. In contrast, the nature of the corresponding 
QCD corrections changes dramatically. The huge positive corrections at high prjet induced by 
events with two hard back-to-back jets are absent, since now a large missing momentum has 
to be balanced such that back-to-back jets are kinematically suppressed. Therefore, the two-jet 
veto only slightly changes the corresponding relative corrections. If a two-jet veto is applied, the 
missing transverse momentum has to be balanced by one hard jet, leading to similar values of 
prjet and p*T for such events. Therefore, at the LHC the relative QCD corrections are very similar 
for both observables at large p^, since events with two hard jets emitted in the same direction are 
rare. Note in addition that the variable-scale choice leads to almost constant i^-factors for QCD 
corrections both at the LHC and the Tevatron for the corresponding distributions (Figure [8]). 

3.3.4 Comparison of EW corrections for different leptonic Z-boson decays 

In this section, we compare the EW corrections for Z + jet production with a subsequent Z- 
boson decay into charged leptons, as investigated in detail in Ref. [23], with the prediction for 
the monojet signature. As we have discussed before, due to the dominant universal Sudakov 
logarithms the EW corrections are very similar in the high-energy tails of distributions where 
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Figure 6: LO and fully corrected distribution (top), corresponding relative EW and 
photon-induced corrections (middle), and relative QCD corrections (bottom) for the trans- 
verse momentum of the leading jet at the LHC (left) and the Tevatron (right). 
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Figure 7: LO and fully corrected distribution (top), corresponding relative EW and 
photon-induced corrections (middle), and relative QCD corrections (bottom) for the ra- 
pidity of the leading jet at the LHC (left) and the Tevatron (right). 
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Figure 8: LO and fully corrected distribution (top), corresponding relative EW and 
photon-induced corrections (middle), and relative QCD corrections (bottom) for the miss- 
ing transverse momentum at the LHC (left) and the Tevatron (right). 
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they matter most. However, any difference directly impacts the determination of the monojet 
cross section if a measurement of the l + l~ + jet cross section is rescaled using a theoretical 
prediction for the cross-section ratio. 

An obvious difference between the charged-lepton final state in contrast to the neutrino final 
state is the presence of final-state radiation (FSR). FSR is often modelled in the experimental 
analysis using shower techniques so that the bulk of this difference is assumed to be taken care 
of. Here, we want to focus on the remaining difference, which is not related to FSR, and matters 
at the 1% level. Hence, in the following, we compare v\Vi + jet production with + jet 
production without FSR, i.e. we subtract all photonic (QED) corrections to the Z — > l + l~ decay, 
which correspond to a gauge-invariant subset of diagrams. The corresponding EW corrections are 
shown in Figure [9] for the distribution in the transverse momentum pTy of the vector boson and 
the transverse momentum prjet of the leading jet at the LHC with a CM energy of y/s = 8TeV, 
where piy = $T for the neutrino final state and pt,v = Pt,i+i- f° r the charged-lepton final state. 
We use the variable scale (although not important for the relative EW corrections) and there is 
no visible influence of the treatment of photon-lepton recombination for the charged-lepton final 
state when FSR is subtracted. 

At low transverse momenta, we observe an almost constant offset between the corrections 
to the different channels. The bulk of this offset can be attributed to the difference in the EW 
corrections to the partial widths of the different Z-boson decay modes, which are encoded in our 
calculation of the full EW corrections. While the corrections to the (on-shell) Z — > viv% partial 
width are roughly 0.9%, the weak corrections to the Z — > l + l~ partial width (again subtracting 
the QED contribution) amount to —0.2%. 

Due to the universality of the Sudakov logarithms, one could expect the 1% offset, observed at 
small pi, to be constant over the whole p^-range. However, the EW corrections for the neutrino 
final state rise faster and are slightly larger in absolute size than their charged-lepton counterpart 
at pt = 1 TeV. This difference can be attributed to the photon-exchange contribution for the 
charged-lepton final state, which is part of the off-shell effects. For the EW correction in Figure [9l 
the event definition (see Ref. [24J) in this channel only asks for a dilepton invariant mass which 
is bigger than 50GeV. In this case, the photon contribution is close to 10% for pTy = 1 TeV 
(interference contributions are small). Since the Sudakov logarithms in the diagrams with an 
intermediate photon are much smaller (see Fig. 4 of Ref. [S]), the corrections for the charged- 
lepton final state are indeed smaller. For a tighter selection cut, asking for a dilepton mass close 
to the Z pole, the photon contribution is suppressed and the difference between the corrections in 
Figure [9] is indeed constant and almost completely due to the different corrections to the partial 
width, as shown in Figure [TOl This dependence of the EW corrections in the Sudakov regime 
on the setup has to be taken into account at the 1—2% level, when using a measurement of the 
charged-lepton final state to predict the cross section for the monojet signature. 

4 Combination of QCD and EW effects at NLO and beyond 

In the discussion of our results in Section [3.31 we combined NLO QCD and EW corrections in 
a purely additive manner to present a full NLO prediction. Mixed EWxQCD corrections which 
are not part of the calculation are not addressed at all. Hence, the naive product of the NLO 
EW and QCD corrections represents an error estimate for higher-order corrections including EW 
effects. 

This limitation is particularly important in the presence of improvements for the predictions 
on the QCD side: Parton-shower matching as well as dedicated resummations have become 
available, and even the calculation of next-to-next-to-leading-order QCD corrections might be 
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Figure 9: EW corrections (without final-state radiation) to the transverse-momentum 
distribution of the vector boson (left) and the leading jet (right) for the two different 
leptonic Z-boson decay modes, Z — > vii>i and Z/7* — > l + l~, in Z + jet production at the 
LHC (Vs = 8TeV). 
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Figure 10: EW corrections (without final-state radiation) to the transverse-momentum 
distribution of the vector boson for the two different leptonic Z-boson decay modes, Z — >• 
v\vi and Z/7* — > l + l~ , in Z + jet production at the LHC = 8TeV). In contrast to the 
standard setup, a dilepton invariant-mass cut 86 GeV < Mu < 96 GeV is applied for the 
charged-lepton final state in order to suppress the 7* component of the differential cross 
section. 
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within reach [35]. The increase in theoretical accuracy as well as the decreasing experimental 
errors at the LHC raise the question how to properly combine radiative EW corrections with the 
best available QCD prediction. In practice, a similar problem arises when EW corrections are to 
be included in "standard" QCD Monte Carlo tools. 

Obviously, a completely satisfactory answer to this question can be found in the computation 
of the combined EWxQCD corrections, a very difficult task requiring involved two-loop calcu- 
lations, which are beyond present computational possibilities. On the other hand, factorization 
of EW and QCD corrections is expected to be a good approximation. In fact, the large EW 
Sudakov logarithms, which completely dominate the EW corrections where they are most rele- 
vant, are part of the hard underlying production process. Therefore, it does not seem to be far 
fetched that there is not much interplay with soft and/or collinear physics dominating the QCD 
corrections. 

The factorized ansatz for the EWxQCD corrections can, however, break down in certain 
kinematical situations and should, of course, not be applied blindly. A good example for such a 
breakdown is provided by the prjet distribution in V + jet production. In Section [3.31 we have 
discussed that the tail of this distribution is completely dominated by back-to-back jets and does 
not contribute a generic NLO QCD correction to the LO kinematics. Applying the calculated 
EW corrections in a factorized form does not make any sense in this case. In fact, without a 
sensible jet veto, this work does not even supply a sensible estimate for the EW corrections for 
this observable at all. Only the calculation of the EW corrections to V + 2 jets could improve the 
situation. Nevertheless, a dedicated jet veto solves the problem, and a factorized ansatz becomes 
a good approximation. 

For other distributions, like the missing transverse momentum, the situation is fortunately 
simpler. The corresponding QCD corrections are uniform and moderate in size, as can be seen 
in Fig. [8j and one may safely assume a factorization of QCD and EW correction in this case, 
independent of a possible jet veto. Therefore, the best motivated prediction including EW 
corrections to the spectrum of the missing transverse momentum is given by 

j best rln- best 

Q0 QCDxEW F1 . r // xi a<T QCD * x 

— = [1 + <5 E w(rr)J —-, — , (4.1) 

d#r d^ T 

with <5ew(Vt) taken from Fig.[8j where the best prediction available for the QCD-corrected cross 
section should be used. The residual uncertainties due to EW effects can then be estimated by 
the square of the relative EW corrections or equivalently by the two-loop EW high-energy loga- 
rithms [T7] . A further reduction of EW uncertainties would require knowledge of the sub-leading 
higher-order logarithms, where potential cancellations between different logarithmic orders are 
expected. 

The same reasoning also holds for the distributions in l + l~ + jet production discussed in 
Ref. [24] or + jet production discussed in Ref. [29]. Again, the calculated EW corrections to 
the PTjet distribution are only useful if an adequate jet veto is applied. 



5 Conclusions 

Following our study on + jet production [24], we have presented the first calculation of the 
full NLO electroweak corrections to the production of one isolated hard jet at hadron colliders 
in the SM, which is an important signal process for various new-physics models. For all relevant 
observables the cross section is dominated by on-shell Z + jet production with a subsequent 
leptonic Z-boson decay. However, in our calculation all off-shell effects are taken into account. 
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We have implemented our results in a flexible Monte Carlo code which can model the exper- 
imental event definition at the NLO parton level. The separation of single-jet and single-photon 
production is consistently implemented by making use of the measured quark-to-photon frag- 
mentation function. We have also recalculated the NLO QCD corrections supporting a phase- 
space-dependent scale choice. Photon-induced processes are included at leading order, but turn 
out to be phenomenologically unimportant. 

The presented electroweak corrections to the total cross sections are at the permille level and 
are therefore negligible. Only in the tails of distributions, which are dominated by large centre- 
of-mass energies, the well-known Sudakov logarithms become dominant, and the electroweak 
corrections increase up to —25% at transverse momenta of ~ 1 TeV. For the PTjet and ^ 
distributions the results at large transverse momenta are in good agreement with earlier results 
for the l + l~ +jet final state |24j as well as results obtained in the on-shell approximation for the 
Z boson [17j . 

The QCD corrections are moderate for observables that are dominated by transverse momenta 
below about 100 GeV. However, they can become extremely large (hundreds of percent) at jet 
transverse momenta PTjet of some 100 GeV unless a sensible veto on a second hard jet is applied. 
For the f?T,jet distribution, we have discussed that such a jet veto is essential for the applicability 
of the presented EW corrections. In contrast, the $t distribution is quite stable against QCD 
corrections. Introducing a dynamical scale flattens the ET-factor in the high-energy tails of the 
transverse- momentum distributions . 
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